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Abstract: The goal of salmonid habitat monitoring programs is to measure habitat attributes linked to salmonid
productivity based on protocols that have sufﬁcient precision to detect environmental variation at relevant spatial
and temporal scales. Benthic macroinvertebrate community composition often is evaluated as part of habitat monitoring and assessment protocols, despite a lack of direct relationships between benthic composition and salmonid
production. Macroinvertebrate drift provides a direct measure of the food resources available to stream salmonids,
but drift is rarely evaluated as part of habitat monitoring protocols. This reluctance may stem from the complex
spatial and temporal variability inherent in macroinvertebrate drift abundances and an assumed inability to obtain
precise estimates of drift abundance at relevant spatial and temporal scales. We evaluated an extensive set of paired
drift and benthic macroinvertebrate samples to characterize variation in the biomass and density (i.e., counts) of
macroinvertebrate samples across a hierarchy of spatial and temporal scales. Results suggest that estimates of total
drift biomass may offer the most precise approach for detecting differences in salmonid food availability among
stream reaches and, thus, may be more appropriate than benthic sampling for incorporation into salmonid habitat
monitoring programs.
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Monitoring programs designed to evaluate the status and
trend of freshwater salmonid habitat are essential for the development of management and restoration practices capable of increasing the productivity of these culturally and economically important species. Monitoring programs must be
based on protocols that are efﬁcient, measure habitat attributes linked to salmonid productivity (i.e., survival, growth,
reproduction), and do so with enough precision to detect
environmental variation at relevant spatial and temporal
scales (Roper et al. 2002, Larsen et al. 2004). Macroinvertebrates, speciﬁcally those entrained in the current as drift,
are the primary supply of food for stream salmonids (Elliot
1970, 1973, Tippets and Moyle 1978, Cada et al. 1987). Many
approaches have been developed for evaluating macroinvertebrate community composition as an indicator of water
quality, ecosystem function, or deviation from reference con-

ditions (Carter and Resh 2001, Bonada et al. 2006). These approaches often are implemented as part of salmonid habitat
assessments (e.g., Downie 2004, Hillman 2006, Heitke et al.
2009, AREMP 2013), but direct relationships between benthic macroinvertebrate community composition and the productivity of salmonids are not well established (Fausch et al.
1988).
Samples used to evaluate benthic macroinvertebrate community composition are collected using kick-net or Surber
type equipment with the intent of gathering a comprehensive sample of the taxa residing in the substrate. However,
many benthic macroinvertebrate taxa possess behavioral
or life-history characteristics that limit their propensity
to enter the drift and are rarely available to salmonids as
prey (Tippets and Moyle 1978, Rader 1997, Poff et al.
2006). In contrast, macroinvertebrate drift provides a more
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direct measure of food resource availability (De Crespin De
Billy et al. 2002), and includes terrestrial sources of prey that
make a substantial contribution to the diet of drift-feeding
salmonids (Wipﬂi and Baxter 2010). Nevertheless, macroinvertebrate drift abundance (i.e., drift density [individuals/
m3] or biomass [mg/m3]) rarely is measured in habitat monitoring and assessment programs aimed at describing factors affecting freshwater salmonid productivity. This omission may stem from spatial and temporal variation inherent
in patterns of drift (Brittain and Eikeland 1988, Naman
et al. 2016), the complexity of which may have hindered
the development of efﬁcient sampling designs that yield
precise estimates of drift abundances (Elliot 1973, Allan
1987).
Macroinvertebrates enter the drift passively and actively
in response to environmental and behavioral factors that
give rise to the complex spatial and temporal patterns exhibited by drift abundance (Waters 1972, Muller 1974,
Shearer et al. 2002, Malmqvist 2002). Diel periodicity, characterized by low drift during the day and increased drift
during crepuscular and low-light periods at night (Waters
1962), serves as a prime example of this complexity and is
thought to be a means by which macroinvertebrates avoid
predation by sight-feeding ﬁshes during dispersal (Allan
1978, Flecker 1992). Emergence of aquatic taxa in response
to environmental factors, such as changing weather, stream
temperature, or light conditions also may trigger active entry into the drift, causing variation in drift abundance at temporal scales ranging from hours to seasons (Malmqvist 2002,
Hansen and Closs 2006). Accidental entry into the drift often
is associated with ﬂuctuations in discharge that dislodge macroinvertebrates from the stream bed or as bed materials become actively transported (Poff and Ward 1991, Gibbins et al.
2007). Benthic macroinvertebrate community composition
also affects how temporal patterns in macroinvertebrate drift
are likely to be expressed. Taxon-speciﬁc life-history and behavioral traits related to habitat choice, emergence behavior,
and developmental timing all affect the propensity for macroinvertebrates to become entrained in the drift (Rader
1997).
Benthic macroinvertebrate community structure is inﬂuenced by biotic and abiotic processes that manifest across
spatial and temporal scales (Boyero 2003, Parsons et al.
2003). Variation in stream temperature, discharge, nutrient
availability, sediment dynamics, and the composition of riparian vegetation can inﬂuence the distribution of stream
macroinvertebrates. These features of stream environments
are determined at regional scales by climatic conditions and
at the catchment or watershed scale by elevation, drainage
area, and geology (Whittier et al. 1988, Li et al. 2001). At
the scale of streams or stream reaches, benthic macroinvertebrate composition will be subject to riparian vegetation
characteristics that alter the inﬁltration of sunlight and
availability of allochthonous material (Hawkins et al. 1983).
Local variation in velocity and bed material among distinct
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geomorphic units will further inﬂuence the composition of
benthic macroinvertebrate communities.
Identifying the scale at which organisms and environmental characteristics exhibit and respond to variation is
important to understanding ecological interactions (Wiens
1989), such as the relationship between salmonids and their
habitat (Folt et al. 1998). In addition, a multiscale framework
describing environmental and organismal heterogeneity is
essential for developing sampling designs that capture ecological processes at appropriate and practical spatial and temporal scales (Palmer et al. 1997). Drift-foraging salmonids
may adjust their foraging rate and location to exploit smallscale spatial and temporal variation in abundance of drifting
macroinvertebrates, such as among velocity gradients or in
response to diel ﬂuxes in drift abundances (Elliot 1970, Nislow et al. 1999). However, characterizing variation in macroinvertebrate drift abundance at this level of resolution may
require sampling designs that are beyond the scope of regional salmonid habitat assessment studies designed to prioritize conservation and restoration strategies. In streams,
distances from 100 m to several kilometers may be the most
feasible and common spatial scale of observation for use in
regional salmonid habitat monitoring and assessment programs, and results of ﬁeld studies have demonstrated relationships between food availability measured as drifting or
benthic macroinvertebrate abundance and salmonid growth
rates (Weber et al. 2014), habitat selection (Nislow et al.
1998), and population density (Urabe et al. 2010).
We collected an extensive set of paired drifting and benthic macroinvertebrate samples to characterize the relative
variation in the biomass and density (i.e., counts) of macroinvertebrate communities across a hierarchy of spatial and
temporal scales. We used this information to compare the
precision of each sampling method and measure of macroinvertebrate abundance to identify the most efﬁcient approach for detecting variation at a relevant and practical
scale. The results of our study could be used in the development of sampling designs that can be incorporated into regional monitoring and assessment protocols for describing
salmonid food resource availability and could aid in the immediate task of increasing our understanding of factors limiting the freshwater productivity of salmonid populations.

M E T H O DS
Study area
We collected macroinvertebrate samples among 10 reaches
within 6 streams in the John Day River Basin in central Oregon, USA (Fig. 1A–D). This region is characterized by a
semi-arid continental climate with broad seasonal swings
in air temperature from hot summers to cold winters. Snow
accumulations at higher elevations during winter strongly
inﬂuence annual hydrographs. Peak discharge occurs during spring snowmelt, and ﬂows recede to low baseﬂow discharge by early summer.
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Figure 1. Map of the study area showing the John Day Basin in Oregon, USA (A), location of study sub-basins (B), and primary
study streams within the Bridge Creek (C) and South Fork John Day sub-basins (D). Gray dots show the locations of study reaches.

Study reaches could all be characterized as small, wadeable stream channels with baseﬂow wetted channel widths
between 2.1 and 5.7 m (Table 1). Typical depths ranged
between 0.05 and 0.3 m in fast-water channel units, and
up to 0.5 m in slow-water pools. A range of elevations and
catchment characteristics contribute to physical and biological contrasts among study sites. Lower-elevation sites
(BE1, BR1, GC1, MC1, MC2) ﬂow through open-canopy
valley bottoms dominated by juniper (Juniperus sp.), sagebrush (Artemisia sp.), and upland grasses. Sites at mostly
higher elevations (BC1, BC2, BC3, DC1, MC3) were more
characteristic of a conﬁned valley setting with an overstory
of ponderosa pine (Pinus ponderosa), lodgepole pine (Pinus
contorta), and various species of ﬁr (Abies sp.). Woody riparian vegetation at all study sites consists of willow (Salix
sp.), alder (Alnus sp.), and red-osier dogwood (Cornus sericea). Stream temperatures are correlated with elevation. Maximum daily temperatures are regularly >207C at the lowest
elevations, and temperatures are cooler at higher elevation
sites (Table 1).

Macroinvertebrate sampling
We collected macroinvertebrate samples based on a multiscaled design with the speciﬁc goal of characterizing the
variance in macroinvertebrate community abundance and
composition across space and time (Fig. S1). We collected
all samples during a single summer between 23 June and
29 August 2006 when study streams were at or near low baseﬂow conditions (Table 1). We sampled a total of 10 reaches
distributed among 6 streams (Figs 1A–D, S1). Two streams,
Murderers Creek and Black Canyon Creek each contained
3 sampling reaches separated by ~2 km. We sampled drift
during 4 biweekly visits to each reach in late June, middle
July, early August, and late August by placing 2 nets over
a cross-section of the stream channel in locations where they
could capture the greatest percentage of the total stream
discharge. In most cases, each visit consisted of sampling
drift over a single 24-h period (day) by deploying between
3 and 8 pairs of nets for durations of 3 and 8 h. However, at 3 reaches, we collected drift in the same manner
over 3 consecutive days and simultaneously at 3 rifﬂe units
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Table 1. Minimum and maximum discharge, mean channel width, elevation, minimum (min) and maximum (max) temperature,
and number of drift and benthic samples collected among reaches during the study.
Stream

Reach

Dischargea
(m3/s)

Bear Creek
Black Canyon Creek

BE1
BC1
BC2
BC3
BR1
DC1
GC1
MC1
MC2
MC3

0.10–0.03
0.51–0.28
0.36–0.22
0.37–0.21
0.47–0.27
0.13–0.04
0.38–0.06
0.49–0.17
0.41–0.13
0.51–0.09

Bridge Creek
Deer Creek
Gable Creek
Murderers Creek

Channel
widthb (m)

Elevation
(m)

2.2
3.9
5.7
4.6
3.3
2.7
2.1
4.2
3.6
4.5

618
917
995
1130
734
1060
729
920
977
1033

Temperature min,
mean, maxc (7C)
15.5,
13.7,
12.6,
11.6,
13.4,
13.7,
13.3,
18.1,
15.8,
15.4,

19.6,
16.9,
15.4,
13.4,
17.0,
16.2,
16.9,
22.4,
20.3,
17.6,

24.8
20.8
18.7
15.3
21.0
19.2
21.9
27.4
24.8
19.4

Drift
samples

Benthic
samples

12
58
21
21
12
34
12
20
44
19

2
6
2
2
2
6
2
2
6
2

a

Measured at each reach on each drift sample collection date using methods published by Peck et al. (2006)
Taken as the mean of the wetted channel width measurements from discharge cross-sections
c
Measured using temperature loggers (U22-001; Onset, Bourne, Massachusetts) anchored in the wetted channel for the duration of the study
b

separated by distances of 100 to 150 m. This design resulted
in 41 total days of drift sampling and 253 individual drift
samples.
Drift nets had a mouth opening 40 cm high  20 cm wide
and were composed of 1-mm Nitex mesh. The top of the
net mouth always protruded above the water surface to capture terrestrial and emerging aquatic macroinvertebrates,
and the bottom was suspended ~2 cm above the channel
bed to prevent macroinvertebrates from crawling into nets.
Flow velocity entering drift nets was measured at the center
of the submerged portion of the net mouth with a Global
Water velocity meter (FP111; Global Water, College Station, Texas). The total volume of water sampled during each
net deployment (m3) was estimated by multiplying the area
of the net mouth submerged by the mean of ﬂow velocity
entering the net measured at the beginning and end of each
deployment and by sample duration (Allan and Russek 1985,
Matthaei et al. 1998).
We sampled benthic macroinvertebrates with a similar
but reduced design that did not include multiple samples
within rifﬂes or days or among consecutive days. We collected benthic samples by thoroughly disturbing the substrate enclosed within a 0.09-m2 500-lm Nitex mesh Surber sampler at 8 randomly selected locations within a single
rifﬂe unit. We pooled the 8 Surber collections as a single
sample. We sampled each of the 10 reaches during 2 occasions in middle July and early August. At 3 of the reaches,
we sampled 3 distinct rifﬂes separated by 100 to 150 m during each of 2 visits. This design led to collection of 32 benthic samples.
We preserved macroinvertebrate samples in 70% ethanol in the ﬁeld and transported them to a laboratory for
processing. We separated organisms from organic material

®

®

®

and identiﬁed them to a relevant taxonomic level (Merritt
and Cummins 1995), usually family, and assigned them to
groups based on taxa, life-history stage, and terrestrial or
aquatic origin for enumeration and weighing. We grouped
aquatic macroinvertebrates according to 5 orders (Coleoptera, Diptera, Ephemeroptera, Plecoptera, Trichoptera) and
a 6th composite group of taxa belonging to other orders. We
counted and weighed emergent aquatic adult life-stages
(e.g., adult Ephemeroptera) and terrestrial macroinvertebrates in drift samples separately. We dried groups for ≥24 h
at 607C until they reached constant mass and measured
dry mass to the nearest mg for each group. We divided raw
counts and measures of dry mass for macroinvertebrates
in drift samples by the volume of water sampled by each
net and multiplied by 100 to calculate drift density (individuals [ind]/100 m3) and biomass (mg/100 m3). We calculated
benthic density (ind/m2) and biomass (mg/m2) by dividing
organism counts and masses by total area sampled.

Variation in macroinvertebrate abundances
We used a series of mixed-effect analysis of variance
(ANOVA) models to estimate variation among samples of
total drift and benthic density and biomass attributable to
each temporal or spatial scale. Spatial and temporal factors
were treated as nested random effects to capture the hierarchical structure of the sampling design. Model speciﬁcations for drift samples included 7 nested factors (streams,
reaches within streams, weeks within reaches, rifﬂes within
weeks, days within rifﬂes, time of day within days, and nets).
Model speciﬁcations for benthic samples included 4 nested
factors (streams, reaches in streams, weeks in reaches, rifﬂes
in weeks). Mixed-effect ANOVAs were run in the R envi-
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ronment for statistical computing (version 3.2.1; R Project for
Statistical Computing, Vienna, Austria) with the nlme package (Bates 2010). All modeling was conducted using raw
values of drift and benthic density and biomass because
model residuals were approximately normal.
We used variance estimates to calculate the proportion
of the total variation attributable to each spatial and temporal scale for drift and benthic biomass and density. Much
of the variance for drift samples was associated with nets
(i.e., channel position) and time of day. In the interest of
alleviating some of this variation, we produced additional
aggregated calculations of drift density and biomass by pooling the total volume of water and macroinvertebrates sampled by each net (within a cross section) over each 24-h period, much like pooling separate benthic Surber collections
as a single aggregate sample. Aggregating the drift data reduced the size of the data set to 63 samples, where each sample represented pairs of drift nets sampled over a 24-h period. We used the aggregated drift data to estimate variance
components and % variance in drift abundances for the remaining spatial and temporal factors (streams, reaches within
streams, weeks within reaches, rifﬂes within weeks, days
within rifﬂes).
We also used variance estimates from the mixed-effects
model to calculate the signal-to-noise ratio (S∶N) and coefﬁcient of variation (CV) as additional measures of the precision associated with estimates of total drift and benthic
density and biomass. S∶Ns reﬂect the ability of a sampling
method to detect variability at a scale of interest relative to
variability considered sampling noise. We calculated S∶N
with respect to streams and reaches by dividing their variance estimates by the sum of all other variance components
considered noise (i.e., weeks, rifﬂes, days, time of day, nets).
We also calculated the CV for each metric of macroinvertebrate sampling abundance relative to the stream and reach
scale. We calculated CV by dividing the square root of the
sum of variance considered sampling noise by the grand mean
of macroinvertebrate abundances estimated by the mixedeffects model (i.e., model intercept) and multiplied by 100.
We estimated S∶Ns and CVs based on the aggregated calculations of drift abundance. S∶Ns and CVs were used to
evaluate the precision of macroinvertebrate abundance estimates relative to other attributes commonly measured as
part of salmonid habitat assessments (Kaufmann et al. 1999,
Roper et al. 2010). These guidelines interpret the precision
of attributes with values of S∶N <2.5 as low, 2.5 to 6.5 as
moderate, and >6.5 as high. The precision of metrics with
a CV <20% is interpreted as high, 20 to 35% as moderate,
and >35% as low.
Drift sampling precision and effort
We put our estimates of precision into an applied context by estimating the number of samples that would be
required to detect statistically signiﬁcant differences or to

achieve conﬁdence intervals (CIs) within a percentage of
the mean for drift density and biomass at the reach scale.
We calculated both sample size estimates relative to the
grand mean of drift density (29.73 ind/100 m3) and biomass
(27.99 mg/100 m3) estimated by the mixed-effects models
(i.e., intercept term) for the aggregated drift sample data.
We calculated sample sizes based on the highest and lowest
estimate of variance around the mean from all drift samples
collected at each reach. We estimated the number of samples needed to detect a statistically signiﬁcant difference in
the grand mean with a t-test (Zar 1999) for differences from
25 to 200%. For each sample-size estimate we set a 5 0.05
and the power of the test 5 0.80. The number of samples
needed to obtain 95% CIs within a percentage of the grand
mean was estimated from 10 to 100%.

R E S U LT S
Macroinvertebrate abundance and composition
Total drift biomass and density remained relatively constant during the summer sampling season but showed a
slight increase as summer progressed (Fig. 2A, D). Drift
abundances during the day and night varied substantially,
with an average of 19.3 and 14.6 during the day and 39.3
and 37.2 during the night for density (ind/100 m3) and drift
biomass (mg/100 m3), respectively (Fig. 2B, E). Considerable variation in mean drift abundances also was apparent
among streams, and in several cases, mean drift biomass
and density varied by several fold (Fig. 2C, F).
Aquatic macroinvertebrate larvae belonging to Diptera,
Ephemeroptera, Plecoptera, Trichoptera, and Coleoptera
(adults and larvae) made up the greatest portion of drift
density and biomass (Fig. 2A–F, Table S1). Larval dipterans
made up a small proportion of total drift biomass (1–3%),
but were more represented in drift density, especially in
2 low-elevation streams (Bear and Gable Creeks). The proportion of total drift density composed of Diptera also increased steadily from early to late summer. Drifting Diptera
consisted primarily of Chironomidae and Simuliidae. Drifting Ephemeroptera, mainly baetids, also increased in abundance over the summer. Plecoptera, which was composed
primarily of Perlidae, Perlodidae, and Nemouridae, made
up a very small proportion (1–4%) of total drift density and
biomass. Macroinvertebrates not belonging to these major
orders generally accounted for a small portion of total drift
abundance, but amphipods and annelids occurred in the drift
with some consistency.
Emergent adult life-stages of aquatic macroinvertebrates,
largely Ephemeroptera and Diptera, were common in the
drift and, in some streams, accounted for almost 50% of
total drift density (Fig. 2C, Table S1). Terrestrial macroinvertebrates were common in the drift and, on average, accounted for 4 to 21% and 11 to 35% of drift density and
biomass, respectively, among streams (Fig. 2C, F). Drifting
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Figure 2. Mean (±SE) total drift density (A–C) and biomass (D–F) and composition by major taxonomic group among bi-weekly
sampling periods (A, D), between day and night (B, E), and among study streams (C, F). Col 5 Coleoptera, Dipt 5 Diptera, Eph 5
Ephemeroptera, Plec 5 Plecoptera, Trich 5 Trichoptera, Ind. 5 individuals, Cr. 5 Creek.

terrestrial macroinvertebrates were primarily hymenopterans and hemipterans.
Benthic density increased from a mean of roughly 1500
to 2000 ind/m2 from mid-July to early August, whereas benthic biomass remained relatively consistent at 1250 mg/m2
during the study period (Fig. 3A, C). Total benthic density
and biomass also exhibited considerable variation among
streams, with mean density ranging from 1230 to 4520 ind/m2
and biomass from 610 to 2580 mg/m2 (Fig. 3B, D). The composition of benthic samples appeared to remain relatively
consistent throughout the study period, but was more spatially variable among streams (Table S2, Fig. 3B, D). Trichoptera, which were numerically dominated by Hydropsychidae, made up a substantial proportion of biomass among
all streams. Coleoptera (largely larvae and adults of Elmidae)
accounted for ≤34% of benthic density and ≤12% of biomass
among streams. On Bridge Creek, Diptera comprised Diptera Chironomidae, Simuliidae, and Tipulidae, which together
made up 42% of benthic density. Baetidae and Heptageniidae

accounted for most Ephemeroptera in benthic samples, and
Plecoptera comprised primarily Perlidae and Perlodidae.
Other orders (annelids and mollusks) made minor contributions to total benthic density and biomass.

Variation in macroinvertebrate abundance
Mixed-effects models attributed much of the variation
in samples of macroinvertebrate drift to time of day and
channel position between nets (Table 2). When combined,
these small temporal and spatial scales accounted for 61%
of the total variance in drift density and 70% in drift biomass. Variance among streams accounted for much of the
remaining variance in samples of drift density (28%) and
biomass (30%). Aggregating drift samples within days and
among replicate nets shifted much of the variation in drift
density and biomass to target spatial scales of streams and
stream reaches. Most variance in the aggregated calculation
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Figure 3. Mean (±SE) benthic density (A, B) and biomass (C, D) for major orders of macroinvertebrates calculated between
biweekly sampling periods (A, C) and among study streams (B, D). Ind. 5 individuals, Cr. 5 Creek.

of drift abundances was among streams, which accounted
for 78% of the total variance in drift biomass and 50% in
drift density. Variation among weeks was greater for drift
density (19%) than biomass (3%). Variation among rifﬂes
within reaches was low, regardless of the measure of drift
abundance. Variation among consecutive days accounted for
more of the total variance in aggregated drift density (31%)
than biomass (8%). The variance estimate for drift density
and biomass among reaches within streams was 0%. Some
amount of variance probably exists at this spatial scale, but
it did not warrant incorporating an additional random effect
in the model (Bates 2010).
The distribution of variance in samples of benthic abundance followed a pattern similar to that of the aggregated
drift data. Variance among streams accounted for 50% of
the total variance in samples of benthic density and 56% for

benthic biomass. Variance among reaches within streams was
greater for biomass (22%) than benthic density (0%). In contrast to drift, variance among rifﬂes within reaches was considerable for benthic density (46%) and biomass (22%).
Total drift biomass had the highest S∶N among streams
(3.7), suggesting a moderate precision and ability to detect
environmental variation at relevant scales (Table 3). Estimates of benthic biomass also had a low value of S∶N (2.6)
among reaches. S∶N for other estimates of abundance and
scale contrasts were low (i.e., S∶N < 2.5). CV told a similar
story, with estimates of macroinvertebrate densities having a low sampling precision relative to the mean (i.e., CV >
35%). Drift biomass had the highest precision (28%) among
streams, suggesting moderate precision at this spatial scale.
Values of S∶N and CV suggested that estimates of drift and
benthic biomass were generally more precise than density.
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Table 2. Percent of total variance estimated by mixed-effects analysis of variance models among spatial and temporal scales for
samples of drift and benthic density and biomass. Pooled 5 spatial and temporal scales aggregated within the drift data, na 5 scale
not represented in benthic sampling design.
Measure

Streams

Reaches
(within stream)

Weeks

Rifﬂes

Days

Within day

Nets

Density
Biomass
Density–aggregated
Biomass–aggregated
Density
Biomass

28
30
50
78
50
56

0
0
0
0
0
22

11
0
19
3
4
0

0
0
0
11
46
22

0
0
31
8
na
na

42
28
pooled
pooled
na
na

19
42
pooled
pooled
na
na

Sample type
Drift

Benthic

Drift sampling precision and effort
At the reach scale, drift biomass had higher precision
indices (S∶N, CV) than drift density, so fewer samples were
needed to detect signiﬁcant differences or to quantify mean drift with a high degree of precision (Fig. 4A, B). This
analysis demonstrated that small changes in mean drift
abundance would be difﬁcult to detect unless sample variance was low or many samples were collected. For example, at the highest variance observed for drift biomass, detecting a 25% increase in the mean among reaches would
require collection of >20 drift samples. In contrast, even
when sample variance is high, a 100% difference in drift
density could be detected with 6 samples, and the same difference in drift biomass could be detected with only 4. Similarly, when sample variances are high, obtaining 95% CIs
within 25% of the mean would require >10 samples of drift
biomass and >20 samples of drift density. More modest precision, such as CIs within 50% of the mean would require
as few as 5 samples of drift biomass and 8 samples of drift
density even at the highest level of variance observed around
the mean.

DISCUSSION
We demonstrated that variation in macroinvertebrate
abundances tend to be most pronounced at the scale of
streams and stream reaches (Tables 2, 3), a spatial scale
that is relevant to studies of salmonid populations and often the scale of assessment in regional salmonid habitat
monitoring programs. By comparing the variation among
different macroinvertebrate sampling approaches (i.e., benthic and drift) and measures of abundance (i.e., density and
biomass), we showed that macroinvertebrate drift biomass,
a measure of invertebrate abundance that has direct relevance as available food (Weber et al. 2014), has the highest
precision at the reach scale. These observations of macroinvertebrate community variation can be used to develop efﬁcient approaches for measuring the food supply of stream
salmonids.

Macroinvertebrate abundance and composition
Mean drift abundances at the reach scale (Table S1,
Fig. 2A, D) spanned a 3-fold range for total density (14.9–

Table 3. Percent of total variance, signal-to-noise ratio (S∶N), and coefﬁcient of variation (CV) calculated for
measures of total drift and benthic density and biomass among streams and stream reaches.

Measure
Drift density
Drift biomass
Benthic density
Benthic biomass

% variance

Scale of
interest (signal)

Signal

Noise

S∶N

Streams
Reach
Streams
Reach
Streams
Reach
Streams
Reach

56
43
79
70
50
28
69
72

44
57
21
30
50
72
31
28

Low (1.3)
Low (0.8)
Moderate (3.7)
Low (2.3)
Low (1.0)
Low (0.4)
Low (2.3)
Low (2.6)

CV (%)
Low (37)
Low (39)
Moderate
Moderate
Low (47)
Low (56)
Moderate
Moderate

(28)
(33)

(32)
(30)
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resulting in intraseasonal consistency in total drift abundance. This phenomenon probably is a result of life-history
and developmental differences among taxa that affect propensity and timing of drift entry (Rader 1997).
Emerging adult life-stages of aquatic macroinvertebrates
made substantial contributions to total drift, accounting for
50% of drift density and up to 25% of drift biomass in some
reaches (Table S1, Fig. 2A–F). Without exception, terrestrial macroinvertebrates also made substantial contributions to total drift abundance throughout the duration of
the study period. Terrestrial macroinvertebrates are an important prey subsidy for stream salmonids (Cada et al. 1987,
Allan et al. 2003, Baxter et al. 2005). Thus, setting drift nets
so that the net mouth protrudes above and captures terrestrial input at the water surface can provide useful information.

Figure 4. Number of drift samples needed to detect differences in the mean (A) and to achieve conﬁdence intervals (CIs)
within a given percentage of the mean (B) of total drift density
and biomass. Var. 5 variance.

57.1 ind/100 m3) and 4-fold range for total biomass (11.9–
47.7 mg/100 m3). While several-fold differences in drift
may appear broad, authors of other drift studies have reported mean total drift density spanning orders of magnitude over time periods similar those in our study (Allan and
Russek 1985, Neale et al. 2008). A low range of mean drift
abundance contributed to the low variance estimated among
streams and reaches in relation to other factors of temporal
and spatial variance. This low range may have placed a ceiling on S∶N estimates and perceived ability to detect variation at target spatial scales. If a similar study were repeated
encompassing reaches with a greater range of drift abundances, S∶Ns probably would be greater.
Despite a several-fold difference in drift abundance among
reaches, total drift density and biomass remained relatively
constant during the summer study period (Fig. 2A, D). This
temporal consistency was supported by the variance decomposition in which only 19% of the variance in drift density
and 3% of variance in biomass were attributable to intraseasonal variation among weeks. Total drift remained relatively
constant, but taxonomic composition showed considerable
variation within season (Table S1). For example, the abundance of Trichoptera and Coleoptera in the drift tended
to decrease whereas Ephemeroptera and Diptera increased
steadily throughout the summer. Differential trends in the
contribution of various taxa will have a compensatory effect,

Variation in macroinvertebrate abundances
Our initial decomposition of variation in macroinvertebrate drift used unaggregated drift samples representing
multiple times of day (3–8 periods) and channel positions
(2 replicates). Much of the variance in unaggregated drift
samples was attributable to diel periodicity and the dramatic increases in drift abundances that occur during crepuscular and low-light periods at night (Elliot 1970). The
inﬂuence of diel periodicity also was evident in estimates of
mean drift density and biomass collected during the day,
which were half of the values collected at night (Fig. 2B, E).
Drift diel periodicity raises several ecological and practical
considerations when attempting to characterize the food supply of salmonids.
Evidence remains equivocal regarding the propensity of
salmonids to forage from the drift during the night when
low light may prevent effective sight feeding (Angradi and
Grifﬁth 1990, Johnson et al. 2012). The contribution that
short crepuscular ﬂuxes in drift make toward the total daily
energy acquisition of drift-foraging salmonids is not well
described (Railsback et al. 2005). Drift abundances estimated at the same location but at different times of the day
can be highly correlated; e.g., the correlation between day
and night drift abundances demonstrated by Allan and Russek (1985). A correlation between day and night drift abundances begs the question of whether investing sampling effort in capturing drift over an entire 24-h period necessarily
provides a better description of salmonid food supplies.
Monitoring drift nets during the night to ensure nets do
not become clogged often is not practical for researchers
working in remote areas or for collecting drift samples for
rapid assessments of salmonid habitat that may be limited
to a single site visit. Thus, sampling drift during daylight
hours between crepuscular ﬂuctuations offers the potential
to reduce variance of drift abundance estimates, while capturing the relevant biological signal.
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Despite the relatively small channel widths and discharges
over which our study was conducted (Table 1), lateral variation between replicate nets over a channel cross-section accounted for a substantial portion of variance in unaggregated
samples of drift density and biomass (Table 2). Aggregating
macroinvertebrates and volumes of water sampled by replicate drift nets reduced this source of sampling noise, and increased our ability to detect variation at target spatial scales.
Drift nets also can be positioned to maximize the amount
of discharge they capture at each cross-section, which may
further reduce spatial variation among nets and may provide
a more comprehensive description of the composition and
abundances of macroinvertebrates entrained in the drift.
Variation in environmental conditions, such as changing weather patterns and ﬂuctuations in discharge (Gibbins
et al. 2007), also can trigger intentional (behavioral) and unintentional entry of macroinvertebrates into the drift and
contribute to intraseasonal temporal variation. The summer
season encompassed by this study consisted of fair and stable weather conditions, and all streams were near summer
base ﬂow when sampling commenced in late June. As other
researchers studying drift have demonstrated, seasonal variation in macroinvertebrate drift abundances can be considerable (Shearer et al. 2002), and samples should be generalized only to the speciﬁc season or set of environmental
conditions over which they were collected. However, low
intraseasonal variation suggests that typical drift abundances
can be characterized at seasonal scales over which weather
and ﬂow conditions are relatively consistent. Thus, sampling
could be conducted, e.g., over the course of a summer, when
an adequate supply of food is often critical if salmonids are to
achieve positive growth (Boughton and Yedor 2007).
Variation in drift density and biomass among geomorphic
units was also relatively low (Table 2), but made up 46 and
22% of the total variance in benthic density and biomass, respectively (Table 2). This contrast demonstrates how patchily
distributed benthic macroinvertebrate communities become
spatially homogenized in the drift. Drift entry may homogenize some of this spatial variability, but drift distances for macroinvertebrates in small streams are thought to be relatively
short (e.g., 2–10 m; Allan and Feifarek 1989, Elliot 2003, Danehy et al. 2011). Thus, drift measurements within a reach
would depend on the density and taxonomic composition
of the benthic community in individual geomorphic channel
units. In addition, drift abundances tend to vary with respect
to channel unit characteristics, such as gradient or substrate
composition (Hansen and Closs 2006). Based on this variability, distributing sampling effort among distinct geomorphic units may be beneﬁcial if one is attempting to estimate a
mean value of drift at the reach scale. However, care should
be taken to provide adequate space between sets of drift nets
to avoid depletion of downstream drift by upstream nets.
Estimates of S∶N and CV suggest that drift and benthic
abundances can be estimated at the reach scale with a moderate level of precision (Table 3). S∶N and CV are often
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used to describe the sampling precision of physical stream
attributes measured as part of salmonid habitat monitoring and assessment protocols (Roper et al. 2002, 2010). Many
physical stream attributes exhibit extremely high sampling
precision at the reach scale and may have values of S∶N >
100 and CV as low as fractions of a percent. However, physical stream attributes also can exhibit lower precision than
demonstrated here for macroinvertebrate drift when it is
a product of observer inconsistency rather than temporal
and spatial heterogeneity. Regardless, many physical attributes that lack sampling precision continue to be included
routinely in stream habitat-monitoring protocols. In addition, mechanistic relationships between physical attributes
and the performance of stream salmonids, such as a mechanistic model capable of predicting the effect of pool abundance on salmonid growth or survival, often are not well
established (Fausch et al. 1988). In contrast, mechanistic approaches to describing how macroinvertebrate drift abundance directly inﬂuences salmonid growth rates are readily
available (Van Winkle et al. 1998, Hayes et al. 2007, Weber
et al. 2014).

Drift sampling precision and effort
Based on our variance estimates for drift biomass, CIs
within 50% of the mean could be attained with 3 samples
when variance is low and with 5 samples when variance is
high. Similar precision for drift density, which had a higher
variance than biomass would require 4 samples at low variance and 8 samples at the highest variance observed in our
study. Previous investigators of the variability of drift have
reported results similar to ours. For example, Neale et al.
(2008) suggested that ~10 drift samples would be needed
to detect a 50% change in drift density. Allan and Russek
(1985) estimated that 95% CIs within 50% of the mean were
adequate for studies of drift and could be achieved with 6
to 7 samples. In a similar study, Shearer et al. (2002) recommended 5 samples.
These estimates of sampling effort may seem impractical, however a review of the range of values over which drift
appears to inﬂuence salmonid performance indices can put
our estimates of sampling effort in an applied context. For
example, Rosenfeld and Raeburn (2009) showed that the
growth rates of juvenile Coho Salmon (Oncorhynchus kisutch)
were affected by measures of drift biomass that spanned
orders of magnitude (0.2–2 mg/100 m3), and Urabe (2010)
explained differences in salmonid biomass among streams
where mean drift biomass ranged from 1 to 65 mg/100 m3.
These examples highlight the potential magnitude of spatial
variation in the drift and the magnitude of variation that is
meaningful for ﬁsh. Similar examples can be found in controlled food manipulations designed to test the inﬂuence of
variation in food supply on salmonid performance. Rosenfeld et al. (2005) showed that a 7-fold elevation of drift bio-
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mass was needed to produce an increase in the growth and
survival of juvenile salmonids. Mechanistic models of salmonid foraging also support the idea that large differences
in drift abundances are required to signiﬁcantly affect salmonid performance. For example, Jenkins and Keeley (2010)
had to manipulate drift by up to 20-fold to signiﬁcantly affect estimates of net energy intake in Cutthroat Trout (Oncorhynchus clarkii) habitat. In the context of this weight of
evidence, our results suggest that differences in invertebrate
drift abundance that matter to salmonids can be detected by
a modest amount of sampling effort.

Macroinvertebrate sampling recommendations
Based on our investigation of variation in macroinvertebrate abundances, we think the following recommendations provide the most efﬁcient and meaningful means
of quantifying the food supply of stream salmonids. Our
results suggest that estimates of biomass are more precise
than estimates of density at the stream and reach scale, regardless of whether the collection method is based on drift
or benthic samples. Biomass also may be a more descriptive measure of food abundance than density because biomass accounts for the size and number of prey items available. Estimates of abundance based on drift were more
precise than estimates based on benthic sampling at targeted
spatial scales. Drift provides a more direct measure of food
for drift-feeding ﬁsh (Weber et al. 2014) because it includes
emergent adult and terrestrial sources of macroinvertebrate prey. Our sampling recommendations take into account how drift could be collected efﬁciently as part of a
regional habitat monitoring protocol in which individual
stream reaches were sampled over a broad geographic extent with only 1 site visit/y.
Orienting drift nets over a channel cross-section in a
manner that maximizes the proportion of the total discharge
collected by each net may alleviate some of the variation
caused by velocity gradients that create unequal drift distributions throughout the stream channel. Consideration also
should be given to the duration and timing of drift collections within a day. Unless the aim is to sample over a 24-h
period, crepuscular periods that induce dramatic behavioral
spikes in drift abundance should be avoided. Daytime drift
should be sampled for at least several hours to smooth out
temporal ﬂuctuations in abundance and taxonomic composition. Small-scale spatial variation also could be alleviated
by pooling the contents and water volume sampled by replicate nets. If sampling is limited to a single visit, replication is
best focused at the among-channel-unit scale. If multiple site
visits are possible, then within-season replicates can be aggregated. This recommendation is supported by the relatively low variation in drift abundances observed between
days and weeks. Last, because spatial variation in drift abundance within streams (at the scale of several kilometers) ap-

pears to be relatively low, nearby reaches on the same stream
could be used as replicates to increase drift sample sizes.
Factors affecting the distribution of macroinvertebrate
communities in ﬂowing waters operate at a level of complexity that probably is beyond our capability to describe
fully. This complexity contributes to variation across space
and time that demands careful consideration when attempting to make meaningful interpretations about the availability of macroinvertebrates as a food resource for salmonids.
Describing salmonid habitat processes using a multiscaled
framework will be an essential step toward the development
of study designs that can be used to understand relationships between salmonid populations and habitat, and provide the necessary context for conservation and restoration
planning. Our investigation of aquatic macroinvertebrate
abundances is an example of how multiscaled research can
be used in the development such study designs.
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